Protonated nitrobenzene can be used to dehydrogenate a range of hydrocarbons, which already possess at least one double bond. Kinetic and spectroscopic results, together with known electrode potentials, yield approximate limits within which protonated nitrobenzenes can be expected to effect dehydrogenation of hydroaromatic compounds. A high yielding synthesis of benzo[ j ]fluoranthene is described.
Introduction
Nitrobenzene and occasionally other nitroarenes have been used for a long time as mild oxidants, which effect dehydrogenation under both acidic and basic conditions. 1a-d Although various reduction products of nitrobenzene have been described as side-products of these dehydrogenations, and there is a general impression that reduction of nitrobenzene with concomitant oxidation of a hydroaromatic to a fully aromatic compound constitutes the "driving force", there is little information on the thermochemistry or mechanism of the reaction and there are no kinetic results. There is no guidance concerning when a particular dehydrogenation might or might not be effected by nitrobenzene and, although there are examples of hydroaromatic systems that did respond, there are reports of some that did not. 2 Nitrobenzene used under acidic conditions is generally a moderately high temperature process for dehydrogenating hydroaromatic compounds. Dehydrogenation of hydroaromatics under neutral conditions requires very high temperatures and catalysts.
3 Under neutral or alkaline conditions, nitrobenzene can be used at ambient temperatures for dehydrogenation of thiols, 4 alkoxides, 5 carbanions, 6 and radicals;
7 it also plays a prominent role in SET reactions.
8
Under acidic or aqueous conditions or with protic solvents, it is unlikely that nitrobenzene would be reduced concomitantly by hydride transfer from a hydroaromatic compound because no evolution of hydrogen has ever been observed. Also, the range of reduction products from nitrobenzene are not those expected for hydride reduction. 9 Hydride transfer mechanisms have been suggested for some low yielding conversions of chloroxylenes into triarylmethane derivatives but these reactions can be accounted for also by Friedel-Crafts/electron transfer mechanisms. 10 The role of nitrobenzene in FriedelCrafts reactions has been cogently discussed with the conclusion that electron transfer mechanisms were most likely in many cases. 11 Hydride type transfer on the surface of a heterogeneous catalyst has been considered as a possibility for reduction of nitro compounds by hydrogen-donors. 12 In contrast to the hydride type mechanism, reduction of nitrobenzene is well known to take place easily by electron transfer. 13 Electrochemical and EPR investigations into the reduction of nitrobenzene clearly reveal initial formation of the corresponding anion-radical as the rate determining step, 4,14,15 This anionradical is then protonated in a second step, which becomes rate determining at high pH. 15 Whether a nitro compound is reduced to nitroso, azo or azoxy compounds or to hydroxylamine, aminophenol or amine depends very much on pH and temperature, as well as electrode potential. The range of products observed following electron transfer reduction of nitrobenzene is very characteristic of the pH used.
In the present work, results of dehydrogenation of hydroaromatic compounds with nitroarenes are described, together with other experimental data. There is strong evidence for initial complex formation between protonated nitroarene and the hydroaromatic compound before an electron transfer step and the release of protons that finally leads to dehydrogenation. Analysis of thermochemical data is entirely compatible with such a mechanism.
Results and discussion (a) Kinetic experiments
In the presence of nitrobenzenes, dehydrogenation of 9,10-dihydroanthracene (DHA) under acidic conditions has been found to proceed in very high yield and selectivity to form anthracene; 16 if acid is omitted, no significant dehydrogenation is observed even at high temperatures or for extended reaction times. Because of the excellent yield and specificity in producing anthracene in this reaction, dehydrogenation of DHA with nitrobenzene was selected as the basis of kinetic experiments in the present work. Trifluoromethanesulfonic acid (TFMSA) was chosen as the acid catalyst because it is strong, non-nucleophilic, non-oxidising and dissolves readily in nitrobenzene.
Initially, it was found that, in neat nitrobenzene as solvent, DHA was oxidised to anthracene at 100 ЊC in times varying between 2-3 minutes and an hour, depending on the hydrogen ion concentration. Accordingly, in a first series of kinetic experiments, DHA was dehydrogenated by nitrobenzene to form anthracene, in the presence of various known proportions of TFMSA. The resulting graphs for fractional conversion of DHA into anthracene with time ( Fig. 1) show a "burst" phase in that some anthracene appears within a few minutes but this is followed by a steady state phase when anthracene continues to be produced at an almost constant rate. If the molar concentration of acid is increased to be similar to or greater than that of DHA, the burst phase of anthracene formation affords an almost 100% yield within 1-2 minutes (Fig. 1 ) and no steady state phase was discernible.
In general terms, the rate of dehydrogenation may be considered to result from an equilibrium constant (K) and the concentrations of reactants. Thus, for protonation of nitrobenzene, Fig. 1 Conversion of 9,10-dihydroanthracene (1.1 mmol) to anthracene at 100 ЊC in nitrobenzene (2 mL) containing the amounts of trifluoromethanesulfonic acid shown in the figure. For 0.84 mol L Ϫ1 of acid, the reaction is complete as a burst within about 4 minutes. For 0.057 mol L Ϫ1 of acid the burst is almost non-existent and a gradual steady formation of anthracene occurs over a period of hours. Other acid concentrations produce mixtures of burst and steady state phases ranging between these extremes. Fig. 1 , the value of n was found to be close to 2. No attempt was made to obtain a more accurate value because accurate ones for n were later extracted from the full rate measurements described below. However, the value does serve to indicate that TFMSA appears to doubly protonate nitrobenzene. The result is in keeping with UV/visible measurements on complex formation between protonated nitrobenzene and DHA (discussed below).
In the main second series of kinetic experiments, the initial rates of the burst phase for oxidation of DHA were found to obey a simple first order plot, as expected from the above analysis. In all the following experiments, the initial concentration of DHA was the same. For each of three temperatures (80, 100, 120 ЊC), the rate of formation of anthracene was monitored with time and, by application of eqn. (3), a value for kЈ was obtained at each hydrogen ion concentration (Table 1) . For each value of [H ϩ ], a plot of ln(kЈ) versus 1/T yielded the Arrhenius activation energy, and the enthalpy, entropy and the free energy of activation (Table 1) .
The enthalpy of activation falls by nearly 40 kJ.mol Ϫ1 as the acidity of the medium increases five-fold (Table 1) . At the same time, the entropy of activation becomes more negative by almost 80 J K Ϫ1 mol Ϫ1 . The combined enthalpies and entropies offset each other such that the overall free energy change varies by only 9 kJ mol Ϫ1 over a 40Њ range in temperature and the fivefold increase in acidity. The changes imply an activation energy barrier that becomes thermally easier to cross with increase in acidity but a transition state that becomes more difficult to form.
To examine the effect of acidity on kЈ, ln(kЈ) was plotted against ln[H ϩ ] for each temperature. These graph plots were straight lines with slopes (n) equal to 2.0 (80 ЊC), 1.72 (100 ЊC) and 1.18 (120 ЊC). New rate constants (kЉ) were calculated from the expression, Table 2) . At any one temperature, the rate constants (kЉ) are almost equal within experimental error. Since Table 2 Kinetic data for conversion of 9,10-dihydroanthracene into anthracene changed to a uniform acid concentration, [ values for E a , ∆H*, ∆S* and ∆G* for reaction at [
Once the acidity term is made uniform, the enthalpy and entropy terms also become uniform ( Table 2 ).
The new values of E a , ∆H*, ∆S* and ∆G* for [H ϩ ] = 1 allow some deductions to be made. First, the free energy of activation is constant. Second, the activation energy for the burst phase is quite low and is commensurate with the sorts of values found for electron transfer in simple redox reactions. 17 Third, the entropic factor is quite large and negative. In terms of randomness in the transition state, this result means that it becomes increasingly difficult for the reaction to proceed as temperature rises. The power of the hydrogen ion concentration decreases with increasing temperature as would be expected for a complex of nitrobenzene and H ϩ that increasingly dissociates as the temperature rises. The enthalpy and entropy are in accord with the concept of an initial complex formed from DHA, nitrobenzene and protons, which decomposes easily by a mechanism that has very low enthalpy of activation, similar to the requirements of simple redox reactions. The complex becomes increasingly difficult to form as temperature increases because of increasing translational and rotational motion of the components. The rapid burst phase of release of anthracene early in the reaction is characterised by an activation energy that is small at high acidities, but which increases with either or both decreasing acidity and increasing temperature.
These kinetic results from DHA are next compared with information gleaned from other experiments described below or from thermochemical constants and other data found in the literature.
(b) Heat of reaction
Having obtained the activation energy, it becomes of interest to obtain the heat of reaction (∆H R ) for the conversion of DHA and nitrobenzene into anthracene and aniline, the end products. It seems to be generally believed that the "driving force" for these sorts of dehydrogenations results from the energy gained by converting nitrobenzene to aniline and by the "aromatization" process of DHA being converted into anthracene (A; reaction 4).
1a,b,16
The heats of formation of all these components are known.
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From these values and eqn. (4), it is easily calculated that, if water is neglected, the reaction would be expected to be endothermic but inclusion of water makes the reaction exothermic by 87 kJ.mol Ϫ1 (of DHA). If a thermal "driving force" is considered, it is clearly due to the formation of water in the
reduction of nitrobenzene to aniline and not to the "aromatization" process. By postulates relating exo-and endothermicities of reactions to their activation energies, 21 it is clear that exothermic dehydrogenation implies a structure of the transition state resembling more the starting materials than it does the products of reaction, viz., the transition state for this dehydrogenation resembles the initial complex, DHA-PhNO 2 -H ϩ . Once reaction is complete, return to the starting materials is unlikely because of the high energy demand required to offset the heat of formation of water.
(c) The complex of DHA-PhNO 2 -H

؉
When DHA is added to a solution of TFMSA in PhNO 2 , a yellow colour develops at room temperature. If the acidity is increased, the colour deepens and becomes orange-brown at the highest acid concentrations used in these experiments. On examination of the UV/visible spectra of DHA-PhNO 2 -H ϩ mixtures, it is found that, as acid strength is increased, a new charge transfer band 22 begins to appear at about 470 nm. In a standard process for examining complexes in solution, 23a log(absorption at 520 nm) was plotted against log[H ϩ ]. A straight line was obtained of slope equal to 1.81. The result indicates that, over the hydrogen ion concentration considered, a complex is formed between protonated nitrobenzene and DHA, in which the proton concentration is effective to a power value close to 2, which accords with the results of the kinetic experiments described above. Other methods have been used to examine room temperature complexes of nitrobenzene with acids and have produced relationships in which the nitrobenzene/proton number varies from 2 : 1 to 1 : 2, 24 and a value of 1 : 1 : 1 has been reported for a complex of a Lewis acid (AlCl 3 ) with PhNO 2 and anthracene.
(d) Electron transfer from DHA to protonated nitrobenzene
The basic electron transfer reaction (eqn. (5)) can be viewed as two half reactions, for which electrochemical reduction and oxidation potentials are known.
The values for E 1/2 (1) and E 1/2 (2) are 1.87 and Ϫ0.56 V respectively, 26 indicating an overall energy requirement of Ϫ2.43 V (233 kJ mol Ϫ1 ) at pH 7.0. This requirement is endothermic and far greater than the observed kinetic activation energy of, for example 70.3 kJ mol (Table 1) . There are other factors that must be taken into account in estimating ∆H R of eqn. (5) . The first of these is the change in E 1/2 (2) as PhNO 2 is acidified. Two separate reports yield information on the magnitude of E 1/2 (2) with change in pH. 27 If the two sets of data are plotted on the same graph, a linear correlation is observed, from which the reduction potential for nitrobenzene can be represented by the equation, E 1/2 (2) = Ϫ0.14-0.06[pH] volts (correlation coefficient = 0.984). The slope is close to the expected value of 0.059 expected for single electron transfer. 28 For example, at a hydrogen ion concentration of 0.85 mol L
Ϫ1
, as used in some of the experiments described here, the pH of 0.07 gives a value for E 1/2 (2) of Ϫ0.14 V. This new value decreases the overall energy requirement from 2.43 V to 2.01 V (193 kJ mol Ϫ1 ). Thus, the effect of acidifying a mixture of DHA and nitrobenzene to pH 0.07 is to reduce the energy requirement for electron transfer by 40 kJ mol Ϫ1 (Fig. 2) . However, at 193 kJ mol Ϫ1 , the process still appears to be very endothermic and substantially greater than the thermal component of the activation energy (about 60-100 kJ mol Ϫ1 depending on acidity; Table 1 ).
(e) Energetics of complex formation between protonated PhNO 2 and DHA
The appearance of a new charge-transfer band at 470 nm on acidifying a solution of DHA in nitrobenzene with TFMSA indicates the formation of a stable entity, in which an electron is already partially transferred from DHA to PhNO 2 . This sort of charge transfer complex formation has been well researched in the past. 23b, 29 The stability of the complex can be estimated from three major factors: the ionization energy of DHA, the electron affinity of protonated PhNO 2 and a Coulombic term resulting from the charges arising when an electron is transferred. 30 From these values, a resonance energy can be calculated for the complex. As shown, 30 the resonance energy is calculated to be 0.81 eV (78 kJ mol Ϫ1 ) and the Coulombic energy 0.3 eV (29 kJ mol Ϫ1 ). 33 The calculated resonance energy for the DHA complex may at first appear to be high but it should be noted that a 1 : 2 complex of DHA with 1,3,5-trinitrobenzene has been prepared and is sufficiently stable for its structure to have been determined by X-ray diffraction ) and the same materials after mixing and allowing for acidity effects, complex formation, Coulombic energy and added heat energy in raising the temperature of the mixture to 100 ЊC. The thermal gap is of a similar magnitude to the observed enthalpy of activation, shown here bracketed over a range of acidities.
methods. The resulting crystal structure showed that each benzene ring of each DHA molecule independently formed a complex with an acceptor molecule (1,3,5-trinitrobenzene) thereby giving a 1 : 2 complex for the DHA. The interaction between each DHA and the two acceptor molecules was sufficiently strong as to cause a shape change in the DHA. 38 If there are effectively two separate complexation sites in the same molecule, the total resonance energy is approximately doubled. Good acceptors such as tetracyanoethylene having a similar electron affinity to that of protonated nitrobenzene form 1 : 1 complexes with even simple aromatic π-donors such as hexamethylbenzene and these complexes have stabilities of about 30 kJ mol Ϫ1 . 39 These figures indicate that a resonance energy of 78 kJ mol Ϫ1 is reasonable for a strong double complex of DHA with protonated nitrobenzene.
Together, the resonance and Coulombic energy terms reduce the overall requirement for transfer of an electron from DHA to protonated PhNO 2 from 193 to 86 kJ mol Ϫ1 (Fig. 2) . Since the reaction is carried out at 100 ЊC, there is an additional heat component of about 15 kJ mol Ϫ1 , 40 bringing the total energy requirement for electron transfer to 63 kJ mol Ϫ1 . This estimated value for the heat energy needed to allow electron transfer from DHA to protonated nitrobenzene is similar to the enthalpies of activation found in the kinetic experiments (Fig. 2) . This close similarity between the enthalpy for an electron-transfer process and the observed enthalpy of activation increases the probability that the mechanism starts with formation of a strong complex between DHA and protonated benzene (a charge-transfer complex). Heating to 100 ЊC effects complete transfer of the electron. As shown in electrochemical work on PhNO 2 , once initial electron-proton transfer has occurred at the reduction potential, a further cascade of electrons and protons completes the reduction to aniline at the same potential.
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(f ) The importance of the ionization energy of the substance to be dehydrogenated If the "driving force" for the reaction is due to the ease of transfer of an electron from the substance to be dehydrogenated (DHA in this case) and the electron affinity of protonated nitrobenzene then it is clear that the ionization energy (I ) of the hydrogen donor must play an important role. For all dehydrogenations involving protonated nitrobenzene, the electron affinity of the protonated nitrobenzene (EA) remains constant for any one hydrogen ion concentration.
32 The Coulombic energy is small and may be neglected in this discussion. Therefore, the energy requirement for electron transfer can be approximated to the difference in the energy (I ) needed to ionize DHA and the energy (EA) gained, viz., I Ϫ EA. It is now possible to consider what effect a change in ionization energy would have on the rate of dehydrogenation. The ionization energy (I ) of the substrate to be dehydrogenated is important in determining whether or not an initial charge transfer complex will be formed with sufficient gain in energy as to offset the notional energy requirement for complete transfer of an electron in the absence of complex formation.
For the hydrobenzene compounds, cyclohexane, cyclohexene and cyclohexadiene, the ionization energies are 9.86, 8.95, and 8.40 eV respectively. 41 In the present work, attempts were made to dehydrogenate these compounds under similar condition to those used for the kinetic experiments with DHA. There were three quite different results. At 50 ЊC, cyclohexane was not dehydrogenated, even on extended heating. Cyclohexene underwent slow conversion to benzene at 50 ЊC (40% in one hour). In marked contrast, cyclohexa-1,3-diene itself and three other cyclohexadienes (α-terpinene, 4(R)-and 4(S )-isopropenylmethylcyclohex-1-ene) underwent rapid dehydrogenation to benzene or substituted benzenes at 22 ЊC within about 1 minute. These last materials are all excellent hydrogen donors in catalysed heterogeneous transfer hydrogenation.
12 In changing from an ionization energy of 8.4 eV to 8.95 eV and then to 9.86 eV, dehydrogenation changes from being very easy (cyclohexadiene) to being unobservable (cyclohexane) under the reaction conditions used here. Cyclohexene is intermediate in behaviour, undergoing slow dehydrogenation. The behaviour is in keeping with the strengths of complexes formed between such compounds and electron acceptors. 22 In practical terms, an ionization energy of about 8.9 to 9.0 eV (or I Ϫ E = 6.3-6.4 eV) can be regarded as an upper limit for deciding whether or not dehydrogenation is likely to occur with protonated nitrobenzene at modest temperatures.
In other experiments described below, 1,2,3,4-tetrahydronaphthalene (tetralin; an "analogue" of cyclohexane) gave very small amounts of naphthalene and resisted attempts to dehydrogenate it even at 150 ЊC and high acidity. However, GC/ MS revealed some formation of two isomers with M r = 262 resulting from acid-catalysed condensation of two molecules of tetralin: these were not investigated further as they were not products of dehydrogenation. In contrast, 1,2-dihydronaphthalene (dialin; an analogue of cyclohexene) was readily dehydrogenated at 150 ЊC to give some naphthalene but there were added complications from acid-induced reactions; the major product was benzo[ j ]fluoranthene.
Dehydrogenation of 9,10-dihydrophenanthrene was slow even at 100 ЊC. Toluene and 1,2-dimethylbenzene did not dehydrogenate at 100 ЊC. Perhydroaromatic compounds seem to resist dehydrogenation by nitrobenzene, as would be expected from a mechanism involving electron transfer in an initially formed complex of substrate and nitrobenzene because the ionization energy for an alkane is much greater than that for an alkene. Examples, from the literature support this proposal: 1,2,3,4,5,7,8,8a,9,10,10a-dodecahydrophenanthrene dicarboxylic acid anhydride could not be dehydrogenated by nitrobenzene 2 and dibenzyl with nitrobenzene could only be converted into stilbene in modest yield even at 245 ЊC, under pressure and over a period of 16 hours in the presence of a palladium catalyst.
3a (g) Ionization energy and the dehydrogenation of anions
There are many instances of the ease with which anions and radicals may be dehydrogenated with neutral or alkaline nitrobenzene. In these cases, the concentrations of hydrogen ion are very low and the energy gain of 40 kJ mol Ϫ1 from protonation of nitrobenzene cannot apply. However, for anions, their ionisation energies are simply the negative values of the electron affinities of the corresponding radicals. Electron affinities for radicals are generally of the order of 1-2 eV and therefore, for an anion, the ionization term (I ) in complex formation 30 is only about 1-2 eV, which is about 6-7 eV below the ionization energy even of an easily dehydrogenated cyclohexadiene. The electron affinity of non-protonated nitrobenzene is 1.01 eV.
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Thus, I Ϫ EA for dehydrogenation of anions is only about 0-2 eV compared with the 6.3-6.4 eV needed to dehydrogenate alkenes. Complex formation between nitrobenzene and an anion should then be expected to be very easy and provide more than enough energy to offset the loss of electron affinity entailed in changing to unprotonated nitrobenzene. 38 Oxidation of anions by nitrobenzene can be expected to be easy. This ease of dehydrogenation has been found for SET reactions, and in the easy oxidations of thiolates, ascorbates and carbanions of various kinds.
4-9
Dehydrogenation of all such entities has been examined by EPR and been shown to proceed through initial complex formation with nitrobenzene, followed by electron transfer to form the anion-radical of nitrobenzene. Similar reactions have been investigated in cellular systems, in which various drugs containing nitro groups have been shown by EPR to react by initial transfer of an electron to the nitro group.
6b (h) The effect of a change in reduction potential through the use of other nitroarenes
The above discussion has shown that the effect of protonation of nitrobenzene is to lead to an increase in its electron affinity (a decrease in its reduction potential), which in turn leads to a concomitant ease of use of nitrobenzene as an oxidant. However, the electron affinity of nitroarenes can also be changed considerably by varying the substituents in the aromatic ring. Thus, for a series of 4-substituted nitrobenzenes, electron affinity varies from 2.0 eV for 1,4-dinitrobenzene to 0.91 eV for 4-methoxynitrobenzene. From the equation, EA = 1.49(E 1/2 ) ϩ 2.79, 32 this difference in EAs translates into a change in E 1/2 of 0.73 V, viz., it becomes much more difficult to reduce the nitro group in 4-methoxynitrobenzene than it does in 1,4-dinitro benzene. These changes should make 1,4-dinitrobenzene a better oxidant (I Ϫ EA is smaller) than nitrobenzene and 4-methoxynitrobenzene a worse oxidant (I Ϫ EA is larger). Electron affinities correlate linearly with reduction potentials (E 1/2 ).
32 Also, reduction potentials of substituted nitrobenzenes in DMSO have been found to correlate with σ p Ϫ values. 42 When electron affinities for p-substituted nitrobenzenes were plotted against σ p Ϫ constants, 43 a linear correlation was found with EA = 0.69(σ p Ϫ ) ϩ 1.09 eV. Therefore, logarithms of rate constants for dehydrogenation of substrates using p-substituted nitrobenzenes should vary linearly with σ p Ϫ constants for the substituents (I Ϫ EA = I Ϫ 0.69 σ p Ϫ ϩ 1.09). This effect of change of substituent was examined by dehydrogenation of a porphyrinogen with different nitrobenzenes. Nitrobenzene in acetic acid is a good oxidant for converting various porphyrinogens (made from substituted benzaldehydes and pyrrole) into the porphyrin itself. 44 The reaction has been optimised 44 but it is sometimes accompanied by significant quantities of the corresponding chlorins, in which two of the hydrogens in the porphyrin have not been removed. Nitrobenzene in acetic acid is not a sufficiently powerful oxidant as to convert at least some chlorins (3; Scheme 1) into porphyrins.
In the present work, solutions of 5,10,15,20-tetrakis-(4-methoxyphenyl)porphyrinogen (2; Scheme 1) were prepared at room temperature by reducing solutions of 5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin (1; Scheme 1) in acetic acid with zinc dust. None of the chlorin (3; Scheme 1) was observed in these experiments. As expected, solutions of the porphyrinogen were colourless and showed no UV/visible absorption at the usual porphyrin Soret band wavelength near 420 nm. The porphyrinogen was dehydrogenated by adding a solution of it to a solution of a p-substituted nitrobenzene in acetic acid at 90 ЊC. The appearance of the Soret band representing the reformation of porphyrin was monitored by UV/visible measurements. Initial rate constants were obtained for the first few minutes of reaction by recording the visible absorption at the Soret wavelength with time. When the logarithms of these first order rate constants are plotted against σ p Ϫ constants 43 for several substituted nitrobenzenes, an approximately linear correlation is observed. The nitroarene with the largest σ p Ϫ value (1,4-dinitrobenzene) was found to increase the rate of dehydrogenation 10-fold compared with the rate for the nitro compounds with the smallest σ p Ϫ (4-methoxynitrobenzene; Fig. 3 ). The slope of the graph in Fig. 3 (0.52) is very similar to the slope of the correlation between EA and σ p Ϫ (0.69). Therefore, the rate of dehydrogenation of porphyrinogen to porphyrin does vary with the reduction potential of the substituted nitrobenzene used as oxidant.
(i) Dehydrogenation of 1,2-dihydronaphthalene by nitrobenzene
Cyclohexane, cyclohexene, cyclohexadienes and tetralin have already been commented on but the dehydrogenation of 1,2-dihydronaphthalene needs further comment. Under the usual conditions with protonated nitrobenzene at 100 ЊC, the starting material disappeared quickly but little dehydrogenation to naphthalene was observed; a similar small quantity of tetralin was formed, the naphthalene and tetralin presumably being formed by disproportionation. However, two major higher boiling components were found. By GC/MS, these had molecular masses of 262 and 258 and appear to be formed from an acidcatalysed dimerization to mass 260, followed by simple disproportionation to 262 and 258. With continued heating at 150 ЊC, the yield of the dimers went down and a third major component appeared. This was isolated from the reaction mixture as a crystalline solid and found to be benzo[ j ]fluoranthene. Further acid-catalysed ring closure of the initial dimers followed by dehydrogenation is the most likely mechanism for this reaction (Scheme 2 colour and fluorescence. 45a In the present work, only the [ j ] isomer was formed with nitrobenzene as oxidant and at a much lower temperature than in the earlier work. This suggests that the acid-catalysed condensation followed by dehydrogenation did not proceed through the same mechanisms as those in the earlier work. 45a The formation of only the [ j ] isomer provides a credible mechanistic route (Scheme 2), whereby acid catalysed condensation of 1,2-dihydronaphthalene leads first to a specific dimer. The dimer can ring close in only one way to form a hydrobenzo[ j ]fluoranthene, which can be dehydrogenated to benzo[ j ]fluoranthene itself (Scheme 2). Confirmation of this pathway was obtained by isolation of a second benzo-[ j ]fluoranthene, which was not completely identified but, from its UV and mass spectra, it is almost certainly a tetrahydronaphthyl-substituted benzo[ j ]fluroranthene (Scheme 2), formed by dehydrogenation of a trimer of 1,2-dihydronaphthalene. This tetrahydronaphthyl-susbstituted aromatic compound has an almost identical long wavelength UV absorption to that of benzo[ j ]fluoranthene but its molecular mass is 382, rather than the 252 of a simple benzofluoranthene. The results suggest that the likelihood of any Scholl reactions being observed during nitrobenzene dehydrogenation requires first a sufficiently strong Lewis acid to induce condensation and then a nitrobenzene to effect dehydrogenation of this intermediate.
(j) Effects of other acids
Other acids were examined for their ability to accelerate dehydrogenation of DHA by nitrobenzene. All the experiments were carried out at 100 ЊC for 24 hours. For HCl (conc.), no conversion was found after 24 hours. However, when the reaction was left for over a week, a maximum 30% conversion was observed after 6 days. With acetic, trichloroacetic and trifluoroacetic acid, no reaction was observed. For concentrated nitric, sulfuric and chlorosulfonic acid, reaction was complete. The last acids are very strong and nitric acid is an oxidant in its own right. Compared with these acids, acetic, trichloroacetic and trifluoroacetic acids are quite weak and they seem not to be able to form an adequate complex with nitrobenzene. The reason for the failure of hydrochloric acid is not obvious except that, at 100 ЊC, hydrochloric acid would evaporate from the reaction medium quite quickly. Also, it is notable that, whereas concentrated sulfuric acid has been reported to form a yellow solution with nitrobenzene, no colour developed in liquid HCl.
24b (k) Reduction products of nitrobenzene
When nitrobenzene is reduced electrochemically, two distinct patterns of final reduction products are observed. Under acidic conditions, nitrobenzene gives aniline and 4-hydroxyaniline (by acid-catalysed rearrangement of the intermediate reduction product, phenylhydroxylamine). At low pH, the addition of a first electron is rate determining, followed by addition of a proton and then the rapid addition of three more electrons and protons to reach the phenylhydroxylamine stage, which then rearranges. Reduction to aniline requires another two electrons and two protons at a slightly higher reduction potential. With dehydrogenation in the presence of benzenesulfonic acid, the benzenesulfonate ester of 4-hydroxyaniline is observed. 16 The dehydrogenations described here always resulted in the formation of aniline and the trifluoromethanesulfonate ester of 4-hydroxyaniline, This sulfonate has been synthesised earlier.
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Under alkaline conditions, proton addition becomes the rate controlling step and condensation of nitrosobenzene with aniline or phenylhydroxylamine to give azo and azoxy compounds is common. Thus, the reduction products of nitrobenzene (aniline and 4-aminophenyl trifluoromethylsulfonate) in the dehydrogenations described here are of the same pattern as those observed during electrochemical reduction under strongly acidic conditions. In burst kinetics, after an initial burst phase, the subsequent steady state is controlled by one of the products of reaction.
46
In the dehydrogenation of DHA by protonated nitrobenzene, it was found in the present work that intentional addition of anthracene at the beginning of reaction did not affect the burst or steady state phases. The other major reaction products are aniline and/or 4-aminophenol, which react with protons to form ammonium salts. The production of ammonium salts means that one product of reaction remains "complexed" to the catalyst (the acid), viz., the requirements for burst kinetics are met. 46 As revealed by Fig. 1 , with sufficient acid (more than equimolar to DHA), the burst in formation of anthracene is virtually quantitative within 2-3 minutes at 100 ЊC (Fig. 1) and there was no steady state; in this case, the formation of ammonium salts is not sufficient to slow down anthracene formation. For amounts of acid less than equimolar to DHA, as acidity decreases the burst formation of anthracene becomes progressively less and longer steady state processes are observed. The data show that, after the burst phase, the resulting ammonium salt must control the subsequent steady state phase through control of hydrogen ion concentration; the concentration of hydrogen ions is controlled by dissociation of the anilinium salt. The process is illustrated in Scheme 3, in which the overall stoichiometric process is shown first and then the burst and steady state phases are outlined.
Further support for the process shown in Scheme 3 comes from two observations. First, in a system of nitrobenzene-acid-DHA in which dehydrogenation is proceeding quite rapidly to give anthracene plus aniline, addition of a small molar excess of aniline to a reacting DHA-nitrobenzene-acid solution stops the reaction immediately because the additional aniline removes most of the protons. Second, when nitrobenzene is replaced as oxidant by 4-trifluoromethylnitrobenzene, rate changes are observed. For this last oxidant, formation of an ammonium salt from any 4-trifluoromethylaniline produced on reduction is much less easy than for aniline because the strongly electron-withdrawing CF 3 group makes this aniline a very weak base. This means that one of the products of reaction does not remove so many protons and therefore the steady state rate is improved. Additionally, 4-trifluoromethylnitrobenzene has a lower reduction potential than does nitrobenzene. Therefore, during dehydrogenation of DHA, the electron-withdrawing CF 3 substituent eases electron transfer and therefore speeds the burst phase. Both these effects (an increased burst and an increased steady state rate) were observed when DHA was dehydrogenated with 4-trifluoromethylnitrobenzene and trifluoromethanesulfonic acid at 100 ЊC. The reduction products of 4-trifluoronitrobenzene were 4-trifluoromethylaniline and 2-amino-5-trifluoromethylphenyl trifluoromethanesulfonate.
Conclusions
Rate measurements and other experiments have shown that 9,10-dihydroanthracene is dehydrogenated to form anthracene by protonated nitrobenzenes in a process of burst kinetics. The results can be interpreted as initial complex formation between protonated nitrobenzene and dihydroanthracene, followed by electron and proton transfers from the DHA to the nitrobenzene. The action of trifluoromethanesulfonic acid is to increase the electron affinity (reduce the reduction potential) of the nitrobenzene through its protonation. The kinetics of dehydrogenation are very dependent on acid concentration, in keeping with the increased ease of electrochemical reduction of nitrobenzene in acidic media. A similar decrease in reduction potential can be effected through use of p-substituted nitrobenzenes, in which the substituent is electron-withdrawing.
The results provide a guide to the ease with which hydroarenes can be expected to be dehydrogenated to arenes with protonated nitrobenzenes. The major influence lies in the ionization energy (I ) of the substance to be dehydrogenated and the electron affinity (EA) of the nitrobenzene used as oxidant, viz., on the difference I Ϫ EA. Since electron affinity varies over only a small range (0-3 eV) but ionization energies for hydrocarbons vary over a much larger range (0-10 eV), changing the ionization energy of the substrate to be dehydrogenated has a more substantial impact on the ease of dehydrogenation. The lower the ionization energy of the substrate, the easier it is to effect its dehydrogenation and vice versa. Experiments with p-substituted nitrobenzenes reveal that electron-withdrawing substituents accelerate the rate of dehydrogenation of porphyrinogens to porphyrins. The presence of the strong acid can lead to Friedel-Crafts type reactions and these in turn furnish compounds other than those expected of simple dehydrogenation. For example, 1,2-dihydronaphthalene forms little naphthalene on attempted dehydrogenation but does form a relatively high yield of benzo[ j ]fluoranthene by condensation and dehydrogenation.
The same criterion of the magnitude of I Ϫ EA provides an explanation for the ease with which anions and radicals can be dehydrogenated by nitrobenzenes under neutral conditions. For anions and radicals in neutral or alkaline solution, their ionization energies are very much less than those of hydroarenes and the electron affinity of nitrobenzene decreases by only about 2 eV. Therefore, I Ϫ EA is very much less than it is in the case of protonated nitrobenzene and a hydroarene. Dehydrogenation of anions and radicals by nitrobenzene is expected to proceed easily, as is observed for many reactions, including SET processes.
Experimental
All compounds were used as received (Aldrich). GC analyses were carried out on either a Shimadzu GC14B instrument and an EC1 column or on a Chrompack CP-9001 with an Optima-5 column (FID). GC/MS analyses were carried out with an EC1 column on a Fisons Trio 1000 (EI at 70 V or CI with ammonia reagent gas).
Kinetic experiments on the dehydrogenation of 9,10-dihydroanthracene.
(a) Initial experiments showing the burst phase (Fig. 1) . In a typical experiment, 9,10-dihydroanthracene (0.2 g; 0.0011 mol) was dissolved in nitrobenzene (2 mL) and trifluoromethanesulfonic acid (x µL) was added. The mixture was placed in an oil bath at 373 K and small aliquots were removed at approximately 15 min intervals over a period of about 120 min. These aliquots were examined by GC and the peak areas for anthracene (A) and dihydroanthracene (DHA) were measured. The conversion (c = A/(AϩDHA)) into anthracene was plotted against time to give the graphs shown in Fig. 1 . The experiments were repeated for x = 10, 20, 30, 40, 50, 150.
(b) More accurate measurements over both burst and steady state phases. In a typical experiment, 9,10-dihydroanthracene (0.2 g; 1.11 mmol) was dissolved in nitrobenzene (2 mL). Trifluoromethanesulfonic acid (x µL) was added and the final mixture was stirred in an oil bath stabilised at 373.15 ± 1 K. The temperature was noted throughout the kinetic runs to monitor its constancy. Small aliquots (50 µL) of the reaction mixture were removed at regular intervals and each sample was added to dichloromethane (1 mL) ready for GC, which was used to monitor the formation of anthracene and the disappearance of 9,10-dihydroanthracene. For each sample, peak areas for both anthracene (A) and 9,10-dihydroanthracene (DHA) were measured. A dimensionless conversion factor (c) was calculated from, c = A/(AϩDHA). Rate constants were then determined as described in the Discussion section. This kinetic experiment was repeated at two more temperatures, 353.15 ± 1 and 393.15 ± 1 K.
For each of the three temperatures, rate constants were determined at acidities corresponding to the addition of x mL of trifluoromethanesulfonic acid, where x = 10, 20, 30, 40, and 50.
Each rate constant was measured in duplicate from 6 to 8 data points, giving a coefficient of variation between sets of 2.4%. The rate constants are listed in Table 1 . 5,10,15,20-Tetrakis(4-methoxyphenyl)-porphyrin (0.5 g; 0.68 mmol) was dissolved in a mixture of glacial acetic acid (50 mL) and trifluoroacetic acid (2.5 mL) and the resulting solution was degassed by refluxing it gently under a slow stream of nitrogen. After cooling the solution to 20 ЊC, zinc dust (2.5 g; 0.38 mol) was added and the solution was stirred for 1 h. 47 To ensure complete reduction, visible spectra of small aliquots were obtained until no bands could be observed in the 400-600 nm region. This solution of porphyrinogen (S) was filtered and used in the following kinetic work.
(b) Dehydrogenation back to porphyrin. In a typical experiment, two vessels were used, which could be heated in the same oil bath and the contents of which could be stirred. Nitrogen was used to ensure the atmospheres within the vessels contained no air. Into one vessel was placed an aliquot (10 mL) of the porphyrinogen solution (S), which served as a "blank" control. nitrobenzene (1.5 mmol). Both vessels were heated to 363 ± 1 K and stirring was initiated at zero time. Aliquots (25 µL) of each solution were removed at intervals and each was dissolved in CHCl 3 (3 mL, containing 13 mL of triethylamine per litre of CHCl 3 ). Visible spectra were recorded and absorbances due to the appearance of 5,10,15, 20-tetrakis(4-methoxyphenyl)-porphyrin were measured at 420 nm (the Soret band). The background absorbance of the "blank" at 420 nm was subtracted from the measured absorbances from the reaction vessel. Concentrations of porphyrin were calculated from the net absorbance and the molar absorption coefficient for the Soret band of the porphyrin. 48 The initial rate of formation of porphyrin was determined from its yield over the first few minutes of reaction. The experiment was repeated for other substituted nitrobenzenes (4-RC 6 H 4 NO 2 ; R = NO 2 , NH 3 ϩ , N(CH 3 ) 3 ϩ , CH 3 O, CO 2 H) in place of nitrobenzene itself (R = H). Logarithms of the initial rates of formation of porphyrin for the various nitrobenzenes are shown in Fig. 3 .
Dehydrogenation of 9,10-dihydroanthracene by other acids
Each experiment was carried out using a solution of 9,10-dihydroanthracene (0.2 g; 1.11 mmol) in nitrobenzene (2 mL), to which had been added an acid (50 µL). Each solution was heated at 373.15 ± 1 K for 24 h and the amount of conversion to anthracene was determined by gas chromatography, as described above. The acids used were either concentrated or neat: HCl(conc.), HNO 3 (conc.), H 2 SO 4 (conc.), HSO 3 Cl(conc.), CH 3 CO 2 H, CF 3 CO 2 H, CCl 3 CO 2 H. The results are described in the main text.
Dehydrogenation of other hydrocarbons
(a) 1,2-Dihydronaphthalene (dialin). The hydrocarbon (0.14 g; 1.1 mmol) was dissolved in nitrobenzene (2 mL) and trifluoromethanesulfonic acid (30 µL) was added. The mixture was kept at 295 ± 1 K and was sampled at intervals for GC and GC/MS analysis. Naphthalene was formed quickly and starting material disappeared within a few minutes but the conversion to naphthalene was very low. The experiment was repeated at 373 K and 423 K. Results are described in the main text. After the experiment at 423 K, some of the product was separated on silica gel TLC plates to give mainly one yellow band, along with two other smaller bands. The bands were scraped from the plate and extracted with DCM. The isolated products were examined by GC/MS. For the middle-running main yellow band, the product crystallised on evaporation of the solvent and was identified as benzo 4-R)(؉) and (S)(؊)-isopropenyl-1-methylcyclohexene  (limonenes) . Complete conversion to 1-methy-4-isopropenylbenzene was observed within 12 min.
(g) Cyclohexane. No change was observed at 323 K after extended periods (24 h).
Formation of reduction products from nitrobenzene
In all experiments using nitrobenzene as dehydrogenating agent, its reduction product, aniline, was observed and confirmed by GC/MS. Additionally, a second reduction product was found (4-aminophenoxytrifluoromethyl sulfonate; MS, m/z 241 (M ϩ , 8%), 108 (M Ϫ CF 3 SO 2 ; 100%), 80 (M Ϫ CF 3 SO 2 Ϫ CO; 45%). The identity of this product of acid catalysed rearrangement of initially formed phenylhydroxylamine was confirmed by independent synthesis.
10 When 4-trifluoromethylnitrobenzene was used as dehydrogenating agent, the analogous reduction product (2-amino-5-trifluoromethylphenoxytrifluoromethyl sulfonate) was observed; MS, (M ϩ , m/z 309; 10%), 176 (M Ϫ CF 3 SO 2 ; 100%), 148 (M Ϫ CF 3 SO 2 Ϫ CO; 85%).
Complex formation between protonated nitrobenzene and 9,10-dihydroanthracene
A solution (S1) of 9,10-dihydroanthracene in nitrobenzene (0.29 mol L Ϫ1 ) and a solution (S2) of trifluoromethanesulfonic acid in nitrobenzene (1.28 mol L Ϫ1 ) were prepared. To aliquots (5.2 mL) of S1 were added aliquots of S2 (200 µL) to a limit of 1000 µL. UV/visible spectra for each mix were recorded and compared with a blank solution of S1 containing no acid. A plot of net absorbance at 520 nm against amount of added acid was linear, showing that the Beer-Lambert laws were obeyed. As more acid was added, the absorbance of nitrobenzene near 470 nm increased until, after addition of 600 µL of acid solution S2, a clear maximum of the charge-transfer band could be discerned. The tail of this band at 520 nm was used for the absorbance measurements. Finally, the logarithm of the absorbance at 520 nm was plotted against the logarithm of the hydrogen ion concentration and gave a straight line of slope 1.81 (correlation coefficient, 0.9917).
